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Fivefold surface of quasicrystalline AIPdMn:
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The atomic structure of the fivefold symmetric quasicrystal surface of icosahedral AIPdMn has been inves-
tigated by means of a dynamical low-energy-electron diffracfldBED) analysis. Approximations were de-
veloped to make the structure of an aperiodic, quasicrystalline surface region accessible to LEED theory. A
mix of several closely similar, relaxed, bulklike lattice terminations is favored, all of which have a dense
Al-rich layer on top followed by a layer with a composition of about 50% Al and 50% Pd. The interlayer
spacing between these two topmost layers is contracted from the bulk value by 0.1 A, to a final value of 0.38
A, and the lateral density of the two topmost layers taken together is similar to that of Bt)A$urface. The
LEED structural result is qualitatively consistent with data from ion scattering spectroscopy, which supports an
Al-rich termination.[S0163-182808)03713-9

I. INTRODUCTION features, thus raising questions as to the effect of surface
preparation upon the resulting surface structure. More re-
Over the past few years, a great deal of attention has beearently, the twofold surface of Al-Pd-Mn, prepared by sput-
focused on the properties of quasicrystalline surfacés. tering annealing, was subjected to low-energy-electron dif-
This is partly due to the relatively recent availability of fraction measurements. The LEED pattern of this surface
single grains of sufficient size for surface studi#g®Much indicates its surface is similar to that in the bulk, since the
of the heightened interest, however, is due to reports of unspot positions are what would be expected for the unrecon-
usual surface properties such as oxidation resistatitéow  structed surfac&
surface frictior**2 superior wear resistance, and other tri-  In this context, it becomes appealing to exploit techniques
bological characteristics. Because of these properties, qua-sensitive to the surface geometry to extract information
sicrystalline alloys may find important technological applica-about the atomic-scale structure of quasicrystalline surfaces.
tions, including surface coatings for wear resistance inThe most well-established of these is dynamical scattering
corrosive environments. analysis of LEED intensity-voltagdV) data. For periodic
It is not yet entirely clear whether the aperiodic orderingsurfaces, this approach has been used successfully to solve
of quasicrystalline alloyS~3%is responsible, in whole or in the majority of all known detailed surface structur@siow-
part, for the surface properties mentioned above. Neverthesver, a difficulty arises in applying this technique to quasi-
less, the quasicrystals present us with a new opportunity torystalline surfaces: because of the aperiodicity, it is not
study the surface structure, topology, and chemistry of funpossible to define a unit cell with finite size, and exact fully
damentally incommensurate solids in comparison with theidynamical calculations of LEED IV curves are therefore not
periodic cousins. Already, some investigations have shetkasible. In this paper, we discuss approximations that help
light on fundamental aspects of quasicrystal surfaces as wetb overcome this difficulty, then apply them to a quantitative
as introduced new puzzles. Scanning tunnel microscopeEED analysis of the fivefold symmetric surface of icosahe-
(STM) investigations of the decagonal Al-Cu-Co by Kortan dral AIPdMn. We have already reported preliminary results
et al,? and the icosahedral phase of Al-Pd-Mn by Schaubfrom this work elsewher&?
et al,>® prepared by sputtering-annealing cycles in vacuum, While LEED is a well-established method to determine
have revealed the existence of aperiodic quasicrystalline othe surface geometry, it is known that LEED IV data are not
der at the surface of these alloys, and of atomic-scale fearery sensitive to moderate changes in metal alloy
tures with local fivefold symmetry. After annealing of a compositiort’ Therefore, we complemented our structure in-
AlIPdMn surface, fivefold symmetric facets were observed byvestigation with a technique uniquely sensitive to the chemi-
low-energy-electron diffractiofLEED) and STM, and the cal composition of the topmost layer, namely, low-energy
surface topology of these facets can be described by a set @ scatteringLEIS).
atomically flat terraces with steps of two different heights in  This paper is organized as follows: First, experimental
a succession corresponding to a Fibonacci sequence. STletails are presented in Sec. Il. In Sec. lll, the approxima-
measurements on cleaved surfaces of Al-Pd-Mn by Ebetions used for the calculation of the LEED IV curves of a
et al,'! however, revealed a rough surface with clusterlikequasicrystal are derived and discussed, and in Sec. IV, we
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present the results of a LEED structural analysis of a specifi
quasicrystal surface, namely, the fivefold symmetric surfact
of the icosahedral AIPdMn phase. In Sec. V, relevant result
on surface composition from ion scattering spectroscopy ar
given, followed by a discussion of all the results in Sec. VI.

Il. EXPERIMENTAL DETAILS

LEED experiments were performed in an ultrahigh
vacuum chamber equipped also for Auger electron spectro:
copy, mass spectrometry, ion bombardment, sample heatin
sample cooling, and introduction of select gases. Other pe
pers give details about our equipmé&nethods of sample
preparatior® and data acquisition and reduction in
LEED2?° Our sample is a flat pentagonal wafer, approxi-
mately 5< 3 mn? in surface area, and 1.5 mm thick.

The bulk composition of our sample is APd,;Mng.*8 In
this paper, we exploit the bulk structure analysis of de Bois:
sieuet al, and also compare our results with the STM work
of Schaubet al. Both of these other groups used samples
with slightly different (nomina) bulk composition:
AlggPdsMng. The difference between our composition and
theirs is probably negligible for our purposes, given that bott
compositions are well within the limits of stability of the
icosahedral phase.

A typical LEED pattern from our sample is reproduced in
Fig. 1(a) and a schematic that shows the indexing scheme ii
Fig. 1(b). Like previous authors, we find that the symmetry
and spacing of the LEED beams are consistent with the hy
pothesis that the fivefold surface of this alloy retains the bulk @
quasicrystallinity® For the IV analysis, it is important to note
that three rings of bright diffraction spots are visible in the
energy range 70-280 eV. Each ring consists of 10 spot
equidistant from the origin. Each ring of 10 contains two
inequivalent sets of 5 spots arranged at the corners of tw
pentagons. Hence, the IV characteristics @Garprinciple) be
measured for 30 beams—although some are always blocke
by the sample manipulator in our front-view geometry. Each
set of (up to) 5 symmetry-equivalent spots is averaged, thus ()
reducing the database to 6 symmetry-inequivalent IV curves.
The cumulative energy range encompassed by these data isFIG. 1. (a) LEED pattern at 80 eV incident electron energy and
800 eV. All IV data were measured with the sample at 100 Knormal incidence. The dark shadow at top and middle is the sample
to minimize Debye-Waller attenuation. We index one of themanipulator, which obscures some spofis) Schematic of the
sets of the innermost ring visible in this energy range aé_EED pattern, iIIustrating the indexing scheme of SpOtS visible in

(10 000 and equivalent, although two smaller sets are visihe 70-240 eV range. One set of spots that are symmetry equivalent
ible at lower energies, down to 15 eV. at normal incidence consists aoft0 00Q; (01 000, (00 100,

For purposes of structure analysis, the LEED IV curves(oo 010, and(00001), 72° apart. Another is the same with negative

are acquired at normal incidence. The quality of normal in-2Pels: (-10000), (0-1000), etc.
cidence can be judged from Fig. 2, which shows the data for
four individual spots, all of which are symmetry equivalentis the current to ground without birand at room tempera-
to the (10 00Q. At perfect normal incidence, these curves ture, followed by various annealing programs. The data used
should be identical. While this criterion is not met exactly, in the structure analysigFig. 3(@)] were obtained after an-
the shapes, positions, and relative intensities of major fearealing at 1000 K for 4 h. Other treatments consisted of
tures are reasonably reproduced. annealing at 870 K for 4 fFig. 3(b)]; annealing at 870 K for
Different methods of surface preparation can yield somez2 h, then 1050 K for 5 mitiFig. 3(c)]; annealing at 1050 K
what different surface compositions in this alf§yThere-  for 10 min, then 870 K for 2.5 fFig. 3(d)]; and annealing at
fore, we tested the effect of surface preparation on the 1V1100 K for 10 min, then 870 K for 3 fiFig. 3(e)]. The data
curves. The result of 5 different treatments on ¢immetry  for Fig. 3(f) were taken on a different sample. In this case,
averageyl (10 000 beam is shown in Fig. 3. In all cases, the treatment was 1 keV Arbombardment for 15 min at
except Fig. &) the sample was initially prepared by 1 keV 7.5x10 ° A cm™2 at room temperature and annealing at 750
Ar" bombardment for 40 min at 2 to>X410"°> Acm™2 (this K for 30 min. In all cases, a sharp fivefold diffraction pattern
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ments are given elsewheté® For LEIS, 750 eV3He" ions
1500 (oot00) 1500 (00001) were used with a beam current of 14 nA in a spot with
1000 4 dimensions of approximately 200—8Q@@m, rastered over a
total area of approximately 2 mg2 mm. With respect to
the surface plane, the incident beam impinges on the surface
0 FUR A S A 0 e e at an angle of 50° and the analyzer collects at an angle of
Energy (eV) Energy (aV) 45°. The angle between the incident beam and the analyzer,
projected onto the surface plane, is 69°.
The sample was cleaned by Aetching at 4 keV, fol-

1000 1

Intensity (a.u.)
Intensity (a.u.)

500 500 -

1500 + (01000) 1500 + (10000)

3 3 lowed by annealing at 870 K for 15—20 min. The LEIS data
gmoo— 2 10% 7 were acquired at room temperature. The LEIS experiment
2 500 2 500 was repeated on three separate fivefold sam(glash differ-
ol M~ ol T N ent than the one used in LEED experiments, but prepared
80 100 120 140 160 80 100 120 140 160 similarly).
Energy (eV) Energy (eV)

Sputtering did not occur significantly during the LEIS ex-
FIG. 2. IV curves of four symmetry-equivalent diffraction spots Periments, based upon the invariance of XPS data acquired

at normal incidence. before and after the LEIS experiments. It is known that sput-

tering with Ar" changes the surface composifidgn®® and

. O .
was obtained, and the IV curves were very similar, with ond"€ liné shape of Mn @5, photoelectrons? Neither such
exception: the energy range below 180 eV for the-102 change was observed as a result of the LEIS measurement.
spot. In general, however, the data used for the structur&N® composition of the surface and near-surface region,

analysis are very robust and quite insensitive to details ofeasured with XPS and using sensitivity factors in the PHI
sample preparation. Access software, version 5.3c, was;#ld,,Mng.

It should also be noted that the LEED IV curves are in-
sensitive to possible surface contamination by oxygen, e.g., Ill. DEVELOPMENT OF THEORY
from background adsorption. Elsewhere, we have shown that
deliberate exposure to oxygen serves only to reduce the in- Due to the aperiodicity of a quasicrystal, one has to deal
tensity of the fivefold LEED pattern and increase the backWith an infinitely large number of atoms with different scat-
ground level; the characteristic IV curves do not change irfering properties. In principle, each atom in a quasicrystal
shapé We attribute this invariance to the formation of very has a different chemical environment beyond nearest neigh-
small crystalline, or amorphous, regions of aluminum oxidebors, and the scattering properties of an atom depend also on
that replace the quasicrystalline regions and contribute to thée positions of its surrounding atoms in the case of multiple
background intensity, but that do not perturb the long-rang&cattering. In a regular periodic crystal, the number of atoms
structure of the remaining icosahedral matrix. with different scattering properties is restricted by the size of
Low-energy ion Scattering was also performed’ ina Sepaﬂ']e two-dimensional surface unit cell and the number of
rate chamber and with a separate sample, to gain informatioRtomic planes to be taken into account, which is determined
about surface composition. X-ray photoelectron spectrd@y the inelastic mean-free path of the electrons. For a quasi-
(XPS) were acquired simu|taneous|y_ Both experiments Weré:ryStaL however, this consideration does not hold since it is
performed in a Perkin Elmer Mu|titechnique Chamber,not pOSSib'e to define a surface unit cell of finite size. Since
Model 5500. The base pressure of the chamber wa#e LEED calculation time increases strongly with the num-

3% 10 1% Torr or better. Other details of the XPS measure-ber of atoms with different scattering properties, exact calcu-
lations of the LEED IV curves are impossible. In order to

reduce the number of atoms with different scattering proper-
(10000) ties used in the calculation, we have to apply efficient ap-
proximations that we describe in the following.

As a starting point for the LEED analysis, we used the
bulk structure of AlgPdsMng determined by x-ray and neu-
tron diffraction?® This provides atomic hypersurfaces lo-
cated on the nodes of a six-dimensional bcc lattice. The
three-dimensional structure can then be generated as a cut
through the six-dimensional lattice. While spherical atomic
(c) hypersurfaces were used to model the x-ray data in Ref. 40,
we used a slightly modified model, with the outer shells of
the atomic hypersurfaces having tricontahedral sh&pes.
(a) This model leads to reasonable bond lengths in the three-
dimensional structure while some of the bond lengths are
unreasonably short when using spherical hypersurfaces. Oth-
erwise, the geometry and the chemical composition of the
FIG. 3. IV curves of a single diffraction spot, averaged over allatomic planes is very similar, and the distances between the

symmetry equivalent beams, after various annealing preparations 4gensey atomic planes are identical.
described in the text. It turns out that about 60% of the atoms are in icosahedral

Intensity (a.u.)
22T s

T T T I 1
80 100 120 140 160
Energy (eV)
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clusters, the pseudo-Mackay icosahedra, thus locally reflecsumed that all atoms of a certain plane have the same scat-
ing the overall icosahedral symmetry of the quasicrystal. Theering properties. In the first step of the structure analysis, the
densest planes show up perpendicular to the fivefold direcaverage-matrix approximatioATA) (Refs. 37,42,4Bwas
tion. Two bulk planes perpendicular to a fivefold axis areapplied to each plane with its own bulklike composition to
shown in Fig. 8a) of Ref. 12, while in Fig. 8) of Ref. 12, generate a unique atom with average scattering properties.
the planes are drawn at their respective depthdNote that  The scattering matrices of the individual atoms within one
in Fig. 3a), the registries of these two planes are preserveglane are replaced by an averaged weighted scattering ma-
in the two panels, so that the two figures can be superimtrix, depending on the average chemical compositipof
posed directly]. As a starting point for our LEED analysis, the plane
we assumed that each such plane might represent a surface
termination. The assumption of a flat surface is justified by
the STM measurements of Schaabal. that revealed the (t)=caitai+ Cpdpat Crntmn - Q)
occurrence of atomically flat terraces with fivefold symmetry
after annealing of a AIPdMn quasicrystalline sample. NoteThis approach is justified by the fact that LEED IV curves, at
that the surface preparation of Schaaital. was quite similar  least for chemically disordered alloys, are in general rela-
with ours as described in Sec. Il and Ref. 38. tively insensitive to the chemical identity of the individual
For the LEED analysis, we first analyzed a large set ofatoms, compared to their positions. One has to be careful,
such terminations lying in an arbitrarily chosen box with ahowever, because the AIPdMn quasicrystal has chemical or-
surface area of 100100 A2 and a depth of 50 A. As aresult der, which may have a stronger influence on the LEED in-
of quasiperiodicity, all of these terminations are in principletensities. Therefore, we performed the final structural refine-
different. Many of them have, however, very similar chemi- ments without using the ATA.
cal compositions and geometries so that only a finite number For the calculation of multiple scattering, the variable lo-
of qualitatively different terminations must be considered.cal environments of the atoms in a particular plane were
Each of these surfaces is represented as a stack of individuaplaced by a fixed, simplified average geometry, which will
planes(parallel to the surfageof coplanar atoms, each such be explained further below. In the following, we refer to this
plane having its own particular composition and density. approximation as “average neighborhood approximation.”
In order to reduce the number of atoms with differentin order to obtain a simplified expression, we considered the
scattering properties, we divided the crystal into planes ofcattering amplitude for a large composite layer in the “giant
atoms with a particular composition and density and asmatrix” notation (see, e.g., Ref. 44

L _—
—ikgr; i

| r

1 _ o -1 0 I8y

f(kg)=7 > Au(kg)| 2 e X ML-XI5 e Bk,
A LL' a,l, ﬁ!]B B

Here,eikgrjﬁ corresponds to the propagation of the incidentThereby|l , is the number of atoms in planzeand the brack-
wave kar to atomj in plane B, the large, “giant” matrix ets stand for averaging over all atoms in plane

[1_X];1’L,jﬁ describes all scattering events beginning at This leads to the following, simplified expression:

atomj in planeg and ending at atornin plane« in angular o
momentum s ey - f(kg)=2 AL(ky)| > Si(ge *oFa
pace, aral '“¢"i. stands for the outgoing wave o/ &, 9’| <
coming from atomi in planea. A (ky) and BL,(kg) are '
guantities dependent on spherical harmonics, prefactors,
etc* A is the surface area taken into account in the calcula-

ot
x; ([1=X] ™10 ge™ 028t g BLi(Kg),
tion, in our case a circle with a diameter of 100 A.

Since we assume that all atoms in plgBere coplanar, 2)
o+ .
the phase factoe'*o i, is equal for all atoms in plang for ~ with S,(g) = 1/AZ; e '%.=lattice factor of planer.
normal incidence. We assume that all atoms in plarreave We still have to find an expression for thé¢ matrix.

the same environment and replace the propagator matrix deherefore, we simplify([1—X]" %, L/p by assuming an
scribing the propagation from the atoms in plghé atoms  ayeraged propagator matrG): ’
in plane« by its average:

> -X100 L Iss [1-X]1.' L ([1=XT e p~[1= (X g
15 SV P Do allp
=((1-X1 Darrp With (X)| 4.1/ 5=ta{C)LaLp

for all atoms in planec. and
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| |
1 & & - 2m
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0.78 A
0.78 A

X2 a(L,L’,Ly)i"th{P(kelr =1 ])
Ll 1 a B

XY1m [Q(ri =1y )] 1564

L - ] “048A
In addition, a(L,L’,L,) are Clebsch Gordon coefficients, [ —— ——
h{!) andY, r, are Hankel functions and spherical harmonics, 1 156 A
respectively, and,,lz give the number of atoms in the N
planesa and B, respectively* — 048 A

In many cases, especially for structures with high symme- B>o

try and with normal incidence, th&-matrix elements with gl |

m=#m’ are much smaller than the diagonal elements with

m=m’'. This is exploited in the “diagonal dominance” Al (+Mn)
approximatiorf®® Thus, we consider onl-matrix elements Al+Pd
with m=m’, i.e., only terms withm;=0. This leads to the -~ _ Pd
following, simpler expression for the propagator matrix:

—— Al+Mn+Pd

m FIG. 4. Configuration of icosahedral AIPdMn used for the test
(G)LQYL,B~—2 A 7z Ny 2 a(L,L’,Il)i'lhfl) calculations for the “average neighborhood approximation” and
dag R ' the quasidynamical approximation; the planes are drawn at their
ol 41 respective depthsas bars with thickness proportional to the atomic
1t density in each plane, together with their approximate composition
X(kod“ﬁ)( A ) P'l{Q[d“ﬁ'/(za_ Zﬁ)]}' shown in shades of gragee labeling beloy The planes combined

by brackets are treated as composite layers in the quasidynamical
3 approximation.

Here,d,z is the distance between an atom in planand an firms the validity of this assumptiognThe checks were per-
atom in planes, andNy 5 the average number of neighbors formed on the configuration illustrated in Fig. 4. Within the
(in plane) of an atom in planer at distance, ;. P, stands ~duasidynamical approximatidfi;*” the multiple scattering
for a Legendre polynomial. within single atomic planes or “composite” layers is ne-
With this approximation, we can perform the calculation glected(composite layers consist of more than one atomic

with a small number of atoms with different scattering prop-P'@ne, as shown by brackets in Fig, &hile scattering be-
erties. If we take atoms down 8 A into account, we obtain tween different planes or layers is taken exactly into account

about 10 planes, i.e., 10 atoms with different scattering proptY 'ayer stackinga metho<i4sirr_1ilar to layer doubling, for
erties: contributions of deeper atoms do not influence the NONPeriodic stacks of layerS™ With this approach, we must

curves significantly since they are strongly damped due téreat layers With a large density and a small interlgyer spac-
inelastic scattering events. These events are similar if'd @ composite layers because the layer stacking method

strength in quasicrystals compared to other materials, adoes not converge otherwise. This represents a net loss of

judged by the measured peak width in LEED IV cur¢ss ~ &ccuracy, since all multiple scattering within a composite

peak width is proportional to the imaginary part of the crys-l"jlyer is neglect.ed. ) L L
tal potential, which in turn is simply related to the electron In the quasidynamical approximation, neglecting intra-

mean-free path The calculation time is now faster than the |aY€r scattering, one obtains the following kinematic expres-
time required for a regular crystal with a unit cell containing Sion for the scattering matrix of a composite layer from beam

10 atoms when using the “giant matrix methodfiote that 9 0 beamg
the diagonal dominance approximation saves a considerable

amount of computing time Useful, also, is the fact that one L. W ..
need only calculate the scattering properties for the particular Mgy “QZI (falky —kg))- S,
incident and exit beam directions of interest.
Since it is not possible to provide an “exact” theory for X (g— g’)-exr[i(kg,z—k;)za], (4)

comparison and testing, we use another, qualitatively differ-

ent approximation for reference, namely, the quasidynamicanerebynlay corresponds to the number of planes within the
approximation. Thegreasonableassumption is that the dif- composite layer

ferences between the two approximations will be qualita- '

tively similar to the differences between either approxima- 5

tion and the exact resulthe qualitative fit seen in the final (f (ki —ki)>= £m Z (21+1)P,(cos®)(t,)
comparison of our approximate theory with experiment con- arer e k 4 ' e
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is the atomic scattering factor in plandéaveraged according average neighborhood
to the ATA method, and S,(g—g')=1AS; exd—i(g T ey perhond

. . = = = average neighborhood, ho ATA
—g')r; ] is the lattice factor of the plana.
a

The quasidynamical method is, however, rather time con- (00-100)
suming compared to the “average neighborhood” approach \

since one has to deal with a large number of beams for which ~ [* \M—/
the scattering matrix has to be calculatétihis is because .,-/\\______/ o~
f-/\\____/
-

—=quasidynamical approximation

(10000)

one must provide a good plane-wave expansion of the wave
field between planes or layers-or a quasicrystalline sur-
face, we are theoretically confronted with an infinite number
of Bragg reflections which are densekrspace. Almost all

of these reflections have, however, systematically very small
intensities and are not visible in the LEED pattern. In order
to select those beams that we must take into account, we
utilized the STM and LEED results of Schaw al. who
showed that the quasicrystalline long-range order parallel to ‘
the surface can be described by a Fibonacci pentagrid with (10-101) (-1010-1)
narrow and wide lattice line separations close to 7.38 A and —
11.94 A; these values can be deduced also from the bulk M
model(see Refs. 4 and)5In a first step, we have calculated AMA
the Fourier transform of such a Fibonacci pentagrid. The P~

Fourier transform corresponds to a kinematical, i.e., single- 100 150 200 250 100 150 200 250
scattering, LEED simulation applied to a simple uniform Energy (eV) Energy (eV)

atom located at each grid intersection in one plane: the

resulting beam intensities give an order-of-magnitude idea of FIG. 5. Comparison of calculated IV curves for different ap-
the importance of individual beams. We used only beam#roximations: the “average neighborhood” approdcepeated as
with an intensity larger then a certain critical value, typically tin lines for comparison with the other approximatiprise same

about 1/100 of the intensity of tH€0 000 beam. The num- without ATA, the quasidynamical approximation, and the “refined
ber of beams can be further reduced if beams .are omitted f average neighborhood” approach; for the local geometries used in

Qhe “refined average neighborhood a roach,” see Table I.
which the lattice factor is small for all planes of the quasic- g g PP

rystal. We must, however, still include about 100 to 300
beams after this procedur&epending on the energy that

01100)

Intensity (arb. units)

z
=

A further refinement of the “average neighborhood ap-
varies between 70 and 280 eV in our experimental jck proximation approach takes into account that_, while the
which we have to calculate the scattering matrieis long-range ne|_ghborhood3 of a_lll atoms are different, the

. ) . ) short-range neighborhoods fall into a relatively few classes

Test calculations using the “average neighborhood ap-

imation” and th id ical 2 of identical local neighborhoods. Considering the limited
proximation™ and the quasidynamical approximation gener-g|q ronic mean-free path, the local neighborhood is far more

ally lead, for this surface, to similar IV curves. For thesejnhortant in LEED than the distant neighborhood. We thus
calculations, the LEED program by W. Morttzwas modi- put only atoms with similar local environment together in
fied, and the “average neighborhood” approddfys. (2)  one subplane. In so doing, the approximation that the scat-
and (3)] and the quasidynamical methdéq. (4)] were  tering properties of all atoms within a subplane are equal
implemented. In Fig. 5, IV curves obtained with the “aver- should be more accurate. One can, for example, assume that
age neighborhood” approach are compared with those cakthe local environments of two atoms are similar if the
culated gquasidynamically. The calculations were performethearest-neighbor distances and the numbers of nearest neigh-
with 9 atomic planes for the termination shown in Fig. 4. Thebors (coordination are equal. In order to refine our approxi-
good agreement between the curves obtained with the diffemation, we first determined the nearest-neighbor distance
ent approximations can be quantified using the PerRiry and the coordination for the atoms in the topmost four planes
factor™® which takes a value of 0.23. This value would be of the termination shown in Fig. 4. We separated all atoms
considered rather good for a theory experiment comparisowithin the first four planes in different layers that do not have
for a complex surface structure. the same nearest-neighbor distance or coordination and cal-

It is also possible to use the “average neighborhood apeulated IV curves using the “average neighborhood approxi-
proximation” without the ATA. In this case, each plane is mation.” This procedure yielded 12 inequivalent atoms
divided into two or three subplanes such that each subplaneithin the topmost four planes to be dealt with. Details about
contains only one chemical species. The calculation timethese atoms, including local geometries and concentrations,
however, increases because we have to deal with more atorase given in Table I. As shown in Fig. 5, the calculation leads
with different scattering properties, in our case with about 2o IV curves which are almost identical with those performed
atoms instead of 10 atoms with the ATA. Calculations withwith only one atom per plane. The close similarity of these
and without the ATA shown in Fig. 5, using the configura- curves is another indication that the “average neighbor-
tion depicted in Fig. 4 as input, demonstrate that most of thdood” approximation is reliable for the fivefold surface of
IV curves are again similar. AlPdMn.
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TABLE I. Refinement of the “average neighborhood” approximation. Atoms with different coordination and nearest-neighbor distance
are separated into different laydidetails see text The bulk termination shown in Fig. 4 yields the nearest-neighibid¥) distance, the
number of nearest neighbofsoordination, and concentrations for the first 12 layers given here.

NN Lateral density
Layer z (A distance No. of nearest neighbors  (atoms/10 000 A) Ca (%) Cpq (%) Cun (%0)

1 0.10 257 A 3 761 98% 2%

2 0.10 257 A 4 41 62% 38%

3 0.10 2.57 A 5 69 2% 98%

4 0.48 257 A 4 148 90% 10%

5 0.48 2.57 A 5 116 86% 14%

6 0.48 2.57 A 6 99 30% 70%

7 0.48 257 A 7 97 0% 100%

8 1.26 2.81 A 11 112 100%

9 2.04 257 A 4 11 100% 0% 0%
10 2.04 257 A 5 44 86% 14% 0%
11 2.04 2.57 A 6 149 53% 40% 7%
12 2.04 257 A 7 365 8% 71% 21%

To summarize this section, we have with the “averagethe topmost planes with respect to the Perdriactor was
neighborhood” approach an approximation at hand whichperformed; therefore, the linear LEED approximatfbin
takes many of the most important scattering paths within &ombination with the Powell optimization scheme was ap-
quasicrystal properly into account. Within this approach, theplied. Linear LEED works very well for the AIPdMn system,
scattering properties of all atoms in a plane are assumed & least as long as the deviations between trial and reference
be equal, and the average neighborhood of an average atc¥fucture are smaller than about 0.2ubhich was always the
in a given plane is described by a kind of radial distributionCase€ In our analysis _ _ -
function: a representative number of neighbor atoms is dis- T Start the structural analysis, the perpendicular positions
tributed uniformly on rings, with proper polar angles but Of the topmost two atomic planes were optimized for each
without regard to proper azimuthal angles. This local “clus-termination within a cube with a surface area of ¥a®0 A*
ter” is summed over in the sense of the lattice sum familiarand & depth of 50 A, chosen arbitrarily to represent an aver-
in the X matrix of LEED theory. TheX matrix, which de- age piece of bulk quasicrystal. Two inequivalent surface ori-
scribes the propagation of the electron wave field within lay-entations have to be checked, related to each other by a ro-
ers, is thereby assumed to be independent of the azimuthi@tion of 180°. One of these orientations gave, however, very
angle; this works best at normal incidence, as used in thBadR factors for all tested terminations and can be ruled out.
experiment. Inversion of thX matrix then introduces mul- The other orientation yieldeR factors varying from about
tiple scattering paths within the layers to infinite order. This0-42 to 0.85 for the different terminations, as shown in Fig.
is evidenced by checks using the quasidynamica| approxim@. The best terminations hgve two features in Cpmmon. Flr-St,
tion. Within the “average neighborhood” approach, we cantheY consist of a d_ense pair of outermost atomic planes with
calculate IV curves of a quasicrystal with a small number ofan interlayer spacing of about 0.4 A. Second, the outermost
atoms with different scattering properties, typically about 10.9f these two planes is composed primarily of Al, mixed with
The approximation was checked for the,fd;Mng system, O t0 '16% Mn, while the innermost of this pair of planes
but it should work also for other quasicrystals, especially ifconsists mainly of Al and Pd and only small amounts of Mn.
they consist of weaker scatterers, compared to Mn ofaBd Next, one has to take into account that terraces with dif-
for example, the icosahedral phases of AlLiCu and AlQuFe ferent terminations, separated by steps, are present on the
In the following section, we use this approach to analyze thsurface. In order to model the case of terraces, different ter-

surface structure of icosahedral AIPdMn. minations were averaged together by intensity mixing with
equal weight. After mixing the intensities of the different
IV. LEED STRUCTURAL RESULTS terminations, we optimized the perpendicular positions of the

four topmost planes. By averaging over different termina-

In analyzing the experimental LEED data, we first as-tions one can, however, introduce an arbitrarily large number
sumed single terminations of the bulk, i.e., no mix of termi-of parameters in the fit procedure. In order to restrict the
nations due to possible steps. For the calculations, we usedrumber of fit parameters, we assume the layer distances in
relativistically calculated phase shifts of Al, Pd, and Mn. all terminations taken into account in the mixing to be equal;
Temperature effects were described using temperaturehis is justified because the nonmixed terminations giving the
dependent phase shifts and a Debye temperature of 480 K ftaestR factors are quite similar, and the bulk values of the
Al, Pd, and Mn. The PendrR factor was used for compari- topmost interlayer spacings between the denser atomic
son between theory and experiments, and error bars wegganes are identicalsee Fig. 6. In this way, we get for a
derived from the variance of thR factor®® For structural — given group of terminations only five fit parameters, namely,
refinement, intensity mixing over different terminations andthe perpendicular positions of the topmost four layers and the
simultaneous optimization of the perpendicular positions ofeal part of the inner potential.
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AlPdMn, depending on the surface heighof the termination(For
each plane shown as a vertical bar, the surface consists of this plane FIG. 7. Optimum geometry found in the LEED structural analy-
and all planes with higher values; planes with smallervalues are ~ SiS; the first four interlayer spacings were optimizedrresponding
cut away. The terminations giving the beRtfactors are marked by ~Pulk values are shown in parenthesedeeper interlayer spacings
arrows[see also Fig. @]. The configuration marked by squares Were kept fixed at their bulk values. The planes are drawn at their
belong to a group of terminations with a somewhat different geomJe€spective depthg, as bars with thickness proportional to the
etry [see Fig. 8)]; the structure analysis reveals that terminations&tomic density in each plane, together with their approximate com-
marked by full arrows probably prevdsee text In the lower part,  POsition, as labeled below.
the atomic planes are shown, at their respective deptles bars
with thickness proportional to the atomic density in each layer.  slightly worse. Most of these terminations fall into a group
marked by squares in Fig. 6. In Fig(l8, the geometry of
For the mixing, we took the 10 terminations giving the these terminations is shown. An Al plane on top is followed
bestR factors(indicated by the arrows in the factor plotin by a mixed Al-Pd-Mn layer at a distance of 0.48 A; in con-
Fig. 6) and mixed them with equal weight. In this way, tRe trast to most of the optimum terminations marked by arrows
factor could be reduced to 0.31. The optimum geometry idn Fig. 6, the density of the second plane is larger than that of
shown in Fig. 7 and Table Il. The topmost plane is relaxedhe topmost plane. A look at Fig. 8 reveals differences also in
inwards by 0.06:0.04 A while the positions of deeper deeper layers. The terminations marked by arrows in Fig. 6
atomic planes are close to their bulk values. The distancbave a dense plane 2.04 A underneath the surface, which has
between the topmost and second plane of #3323 A is  only small density or is missing for the terminations marked
contracted by about 0.1 A compared to its bulk value of 0.48y squares. There are also terminations sharing features of
A. Refinement of the positions of deeper planes does not leagoth groups, one of which can be seen in Fig. 6zat
to a significantR factor improvement, and neither does an =4.08 A (thereby,z describes the position of the topmost
optimization of the weight factors of the terminations. Theplane, and the axis points towards the bulk
average chemical composition of the topmost atomic planes, A mixing of the terminations marked by squares in Fig. 6
calculated for the bulk like terminations, is 93% Al and 7% with optimization of the topmost interlayer spacings yielded
Mn for the topmost plane, and 49% Al, 42% Pd, and 9% ofonly anR factor of 0.45, compared to 0.31 with the configu-
Mn for the second plane. The average composition of theations marked by arrows. Hence, it can be ruled out that
two topmost planes taken together is,#ldsMng. All of  these terminations are solely present at the surface. A mixing
these values are compiled also in Table II; the averaged layef the optimized configurations for the “square” and “ar-
densities are given in Fig.(®. The averaged lateral density row” terminations with equal weight does not change ke
of the two topmost planes taken together is 0.136 atorhs/A factor significantly. Refined calculations without the ATA
a value comparable to that of a single plane of the closedescribed below, however, lead to a significant worsening of
packed A(111) surface; this indicates a rather denselytheR factor when adding the terminations marked by squares
packed surface. Thereby, the density of the topmost plane is Fig. 6, so that there is evidence that the surface consists
higher than for the second plane for the majority of the ter-mainly of terminations like those marked by arrows.
minations. The IV curves calculated for the optimum geom- In the calculations described above, we neglected the
etry, obtained after intensity mixing over the terminationschemical ordering parallel to the surface by applying the av-
marked by arrows in Fig. 6 and optimization of the first four eraget matrix approximation for the scattering factors of the
interlayer spacingésee Table I, are compared with the ex- atomic planes. Next, we took this chemical ordering into
periment in Fig. 2 of Ref. 1JNote, however, that one spot account, by performing calculations without the ATA. For
was mistakenly labeled as1100-1 in Ref. 12; it should structural refinement, we averaged over different termina-
have beer(-1010-1.] tions and optimized the perpendicular positions of the top-
A closer look at the configurations yielding the betker most atomic planes. These calculations lead, however, to
factors reveals that there are terminations that were not takemorse R factors than calculations with the ATATable ).
into account in the mixing and give factors which are only  After averaging over the terminations yielding the b&st
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TABLE Il. Optimized PendryR factor andz positions of the atomic planes after intensity mixing of terminations marked by arrows in
Fig. 6 and averaged chemical positigpssition of the topmost layer in Fig. 6:z=—27.96,—23.88,—17.28,—10.68,—6.60, 0.00, 4.08,
10.68, 17.28, and 27.96)AThe z axis points towards the bulk, arm=0.0 is the position of the topmost layer in the unrelaxed bulk
configuration. Shown are the results for calculations with and without ATA, and with various Mn and Al concentrations in the topmost and
second layer.

Optimum geometry Chemical composition
Rp Vertical positions of layer 1-4 layer 1 layer 2 layer
1+2
ATA, bulklike 0.31 z,=(0.06+0.04) A 93% Al 49% Al 77% Al
chemical comp. 2,=(0.44+0.12) A 0% Pd 42% Pd 15% Pd
23=(1.19+0.15) A 7% Mn 9% Mn 8% Mn
2,=(2.04+0.15) A
25=(2.52+0.05) A
ATA, Mn 0.32 2,=(0.06+0.04) A 100% Al 49% Al 82% Al
replaced by Al in 2,=(0.44+0.12) A 0% Pd 42% Pd 15% Pd
1st layer
23=(1.19+0.15) A 0% Mn 9% Mn 3% Mn
2,=(2.04+0.15) A
no ATA, bulklike 0.43 z,=(0.08+0.05) A 93% Al 49% Al 77% Al
chemical 2,=(0.45+0.10) A 0% Pd 42% Pd 15% Pd
composition
z3=(1.22+0.15) A 7% Mn 9% Mn 8% Mn
2,=(2.03+0.15) A
no ATA, Mn 0.37 2,=(0.06+0.04) A 100% Al 49% Al 82% Al
replaced by Al in 2,=(0.43+0.08) A 0% Pd 42% Pd 15% Pd
1st layer
23=(1.19+0.15) A 0% Mn 9% Mn 3% Mn
2,=(2.04+0.15) A
no ATA, Mn 0.37 2,=(0.06+0.04) A 100% Al 58% Al 85% Al
rles'ct":flzdzzﬁ IAG:y'gr 2,=(0.43+0.08) A 0% Pd 42% Pd 15% Pd
z3=(1.20+0.15) A 0% Mn 0% Mn 0% Mn

2,=(2.07+0.15) A

factors(see arrows in Fig. )6 an R factor of 0.43 was ob- done by mixing over the terminations marked by arrows in
tained (compared to 0.31 with ATA The positions of the Fig. 6 and optimization of the four topmost layer spacings;
topmost atomic planes are nevertheless almost identical witthe results are listed in Table Il. The replacement of Mn by
those obtained with the ATA method, indicating that the op-Al in the topmost plane leads to a slight improvement of the
timum structure depends little on the approximation used. R factor from 0.43 to 0.37without applying the ATA. This
Mixing the terminations marked by squares in Fig. 6 to-R factor improvement may indicate some segregation of Al
gether with the terminations marked by arrows leads to anto the topmost layer, in accordance with the LEIS results
worsening of theR factor without ATA. To this end, the described in the next section. Replacement of Mn by Al also
vertical positions of the topmost atomic planes were opti-in the second plane does not affect Béactor. We expect to
mized, leading to & factor value of only 0.56see Table get more details about chemical ordering by analyzing other
[II). The resulting IV curves were mixed with those obtainedsurface orientations such as, for example, the twofold sym-
for the optimum configuration of the terminations marked bymetric surface. In our preliminary investigations, the dif-
arrows. It turns out that thR factor gets significantly worse fracted intensities of quasicrystalline twofold symmetric sur-
if more than 30% of the surface is covered with the terminafaces are in general very sensitive to the chemical identity of
tions marked by squares in Fig. 6. the atoms; it is even possible that intensities of some spots
The worsening of th& factor without the ATA method vanish completely without chemical ordering.
could have several reasons: either details of the geometry Finally, we describe results of calculations with a strongly
are still not correct, or the chemical composition and ordercorrugated surface with intact Mackay-type clusters. These
ing within the fivefold symmetric planes is different in the calculations are motivated by the fact that there is evidence
surface region than in the bulk. The experiments with lowfor surface roughness after cleavimgsitu, with aggregates
ion scattering spectroscopy described in Sec. V, for exampl@f Mackay-type clusters at the surfaceFor the calculations,
revealed that there is only little or even no Mn at the surfacewe used a termination of the group marked with arrows in
Therefore, we varied the chemical composition of the topFig. 7, namely, the one wita=—6.60 A. This termination
most plane and replaced Mn by Al. All calculations were contains many intact pseudo Mackay icosahedra in the sur-
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ally into account, one gets a surface with a higher density of
the topmost planes, see Figb® TheR factor for this con-
figuration is improved to 0.52.

The “flat” surface termination is shown in Fig.(§. A
LEED calculation for this termination leads to Bwalue of
0.38, thus indicating that the surface is not strongly corru-
gated at an atomic level. One should note that one gets al-
ready 85% of the density of the topmost and second plane by
taking the atoms of the Mackay-type clustgfsg. 9b)], the
Pd atoms in the third plaretars in Fig. €c)], and all atoms
in the topmost layers which are coordinated to these Pd at-
oms.

In summary, our LEED structural analysis strongly sug-
gests that the fivefold symmetric surface of icosahedral
AlIPdMn consists of densely packed, Al-rich terminations
that are all very similar. The topmost atomic plane consists
mainly of Al, mixed with about 10% Mn. One cannot rule
out from the LEED analysis that the topmost layer consists

z5 =252 A; p =0.086 atoms/A2
(b) z ¢ ; . !
only of Al. The second plane is a mixed Al-Pd layer with

FIG. 8. Averaged lateral densities and bulk positions of theabout 50% Al and 50% Pd. The topmost atomic plane is
atomic planega) for the terminations marked by arrows in Fig. 6 relaxed towards the bulk by 0.88.04 A, while the posi-
(position of the topmost layer in Fig. &=—-27.96, —23.88;  tions of the deeper layers are almost bulklike.
—17.28; —10.68; —6.60, 0.00; 4.08, 10.68, 17.28, and 27.9§ A
(b) for the terminations marked by squares in Figp6sition of the
topmost layer in Fig. 6z=—19.80, —13.20, —2.52, 14.76, and
25.44 A). The planes are drawn at their respective depftes bars In principle, LEIS is a quantitative technique that is
with thickness proportional to the atomic density in each planeuniquely sensitive to the elemental composition of the top-
together with their approximate composition as symbolized at botmost surface layer. Therefore, we implemented LEIS as a
tom of figure (parentheses indicate minority spegi€Bhe position  check on the LEED structural results.
of the topmost atomic plane is chosen as the origin forztlagis. Experimental data from one LEIS experiment are shown

in Fig. 10. For purposes of quantitative analysis, the instru-

face region. In a first step, only atoms within the Mackayment was calibrated to the pure elements using polycrystal-
clusters were taken into account for the topmost planes. Thiine Mn, Al(111), and Pd100. The three peaks in the spec-
topmost atoms of the clusters are locatedzat—6.60 A trum of the quasicrystal at highest kinetic energy correspond
while the equatorial plane of the clusters consists of a ringo scattering from each of these three types of atoms, as
with 10 atoms atz=—2.04 A [Fig. Aa@]. The equatorial labeled. At lowest kinetic energy, a small peak represents
plane is the first layer for which all atoms are taken intooxygen contamination. In principal, the intensities of indi-
account in the calculation. An optimization of the topmostvidual peaks can be used to extract the atomic densities of
interlayer spacings led, however, to a b&dfactor (R individual species at the surface. This is done by comparing
=0.68) so that this configuration can be ruled out. to intensities of pure elemental standards, which have known

In Fig. Ya) one can see also fractions of “10 rings” in surface densities. The procedure assumes that relative sensi-
the equatorial plane that belong to fractions of Mackay-typsivity factors in ion scattering do not depend on chemical
clusters. By taking the atoms within these clusters additionenvironmeng?

V. CORROBORATING EXPERIMENTAL DATA

TABLE Ill. Optimized PendryR factor andz positions of the atomic planes after intensity mixing of
terminations marked by squares in Fig. 6 and averaged chemical compo&iimsitton of the topmost layer
in Fig. 6: z=-19.80,—13.20,—2.52, 14.76, and 25.44)AShown are the results for calculations with and

without ATA.
Optimum geometry Chemical composition
Rp Positions of layer 1 layer 2 layer
topmost layers 1+2
With ATA 0.45 z,=(—0.02+0.07) A 100% Al 35% Al 52% Al
2,=(0.47+0.07) A 0% Pd 39% Pd 28% Pd
2;=(0.96+0.15) A 0% Mn 26% Mn 20% Mn
25=(2.50+0.10) A
Without ATA 0.57 2,=(0.08+0.07) A

2,=(0.58+0.07) A
23=(1.00+0.15) A
25=(2.49+0.15) A
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FIG. 9. Configurations used for the IV calculations for a rough surface, together witR fhetor values and optimized layer positions
(the origin corresponds to the position of the topmost layer in the unrelaxed configur&isrthese configurations, the termination with
z=—6.60 A (see Fig. B was taken(a) Only atoms within pseudo-Mackay icosahe@a1) were taken. Full circles: topmost atoms of the
PMI; open circles: 2nd plan@®.48 A underneath grey circles: third plané2.04 A underneath Grey, open circles: plane 4.56 A underneath;
this is the first plane where all atoms are taken into account in the IV calculation. The equatorial planes of the Mackay clusters lie within this
plane and consist of rings with 10 atoms. Fractions of such rings, one of which is indicated by the solid line, belong to fractions of
(overlapping Mackay type clusters. Two further planes, located 2.52 and 4.08 A underneath the topmost plane, are nébsBtwature
with higher density in the topmost layers, obtained by adding the atoms within the incomplete “fractions” of Mackay type clusters to Fig.
9(a). The stars are Pd atoms, lying 3.30 A underneath the topmost gireomplete, bulklike termination. Indicated by the arrow is a
pentagonal hole. These holes are located at the nodes of a Fibonacci pentagrid, as well as the Mackay clustefa)of Fig. 9

There are two main sources of uncertainty in extractingoackground is attributed to multiple scattering in multicom-
quantitative data from the LEIS data. First is the fact that theponent systems. At one extreme, we have implemented a
density of Mn atoms in the reference sample is unknowrfifth-order polynomial fit of the background and subtracted
because of its polycrystallinity. An upper estimate of thethis in calculating integrated peak intensitiéShis is most
surface density is probably 1.8810'° atoms cm?, whichis  similar to the background estimation suggested in the litera-
the § root of the volume density; based on low-index surfacegre, which is simply a line drawn between valleys of adjoin-
densities of common single-crystal metals, we estimate thqhg peaks’?®) The dashed line in Fig. 10 shows the polyno-
half t'his value is probably the lower limit. The seconq uUn-mial approach. In the other approach no background was
certainty comes from the fact that the background in they,piracted. The concentrations obtained with all these ap-
spectral region is rather large, as shown in Fig. 10. Th'ﬁ)roaches are summarized in Table IV, which shows that un-

certainties due to the Mn concentration and the background
1000 subtraction exceed the statistical uncertainties. The values in
Table IV probably encompass the true concentrations. The
result is that the Al concentration is 83.4-86.3%, Pd is 10.2—
13.8%, and Mn is 0.4-6.3%. Hence, the surface layer is
enriched in Al, and deficient in Pd, relative to the bulk con-
centrations. There is also depletion of Mn.

If, as the LEED analysis suggests, the two top layers are
separated by only 0.4 A, LEIS may sample both layers.
Its sensitivity to the second layer probably will be less than
that of the top layer, but still significant. At this time, we
cannot weight the contributions of these two layers quantita-
tively, but we can set limits. At one extreme, the second
layer could be weighted equally with the top layer, yielding
an average surface compositiorffrom LEED) of
2 et - Al,/Pd gMng; at the other extreme, the second layer could be

0.2 0.4 0.6 0.8 1.0 invisible, yielding an average surface composition of
Alg3PdMn5,. One would expect the real experimental result
from LEIS to lie somewhere between these two extremes,

FIG. 10. lon scattering spectra for a fivefold surface of icosaheWhich is true for the Al and Pd concentratiorisor Al, 77
dral AIPdMn. Thex axis shows the ratio of scattered ion enefyy =~ <83—86<93, and for Pd, 8210-14<15). The Mn concen-
to incident ion energyE; . The dashed line is a fifth-order polyno- tration, however, falls below the minimum value of 7% pre-
mial, constrained to fit to the energy ratio ranges of about 0.20-dicted from LEED, suggesting that there may be replacement
0.52, 0.609-0.613, 0.82-0.83, and 1.04-1.10 eV. of Mn by another metal—probably Al—at the surface sites.
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TABLE IV. Surface concentrations of the metallic components, obtained from low-energy ion scattering
spectroscopy. The table shows the way in which two different assumptions about the concentration of Mn in
the standard, and two different approaches to background subtraction, affect the results. The uncertainties
show plus/minus one standard deviation, derived from measurements on three separate samples.

Backgroun Concentration of
Subtraction Mn Standard

0.94x 10'% atoms/cm? 1.88 10'% atoms/cm?

Sth order polynomial

None

Al: 85.7x0.3%
Pd: 13.5£0.4%
Mn: 0.7+0.3%
Al: 86.1+0.2%
Pd: 11.0x£0.5%
Mn: 2.8+0.4%

Al: 85.1+0.2%
Pd: 13.4+£0.4%
Mn: 1.4%£0.5%
Al: 83.8+0.4%
Pd: 10.7£0.5%
Mn: 5.5+0.8%

Therefore, we carried out LEED calculations also with Mnalloys. At those simpler surfaces, one finds preferential seg-
being replaced by Al in the topmost lay&ree Sec. IV and regation by components with the lower surface free energy,
Table Il). These calculations showed that also a Mn depletedarger atomic volume, and more positive heat of solutfon.
topmost layer is consistent with the results of the LEED(Surface free energy typically is the dominant fagtdrhe
analysis. Al-rich terminations found here are expected if these factors
The LEIS result can also be used to rule out two classes ddre taken into account:>®
terminations in Fig. 7: the Pd-pure layers indicated by Our LEED structural analysis, as well as the STM mea-
well-spaced dashegince these would require the surface surements by Schawdt al, point towards an atomically flat
composition to be at least 50% in Pdnd many of the 50-50 surface after the surface treatment with sputtering and an-
AlPd layers represented by closely-spaced dadiséxce nealing as described abof@ While the LEED IV data are
many of these lie on top of a pure Pd layer, and hence wouldonsistent with a surface that is flat on an atomic level, the
also require the composition to be no less than 50% Rd sharpness of the LEED spots indicates that the ordered part
composition of 50% Pd in the surface layer falls well outsideof the surface is not rough on a larger scale of several 100 A
the furthest reasonable estimate of surface composition listefthe coherence length of the LEED bear®therwise, one
in Table IV. would expect a broadening of the spots due to the worsening
In summary, an exact quantitative comparison betweef the lateral long-range order. In contrast, STM investiga-
the LEIS data and the LEED model is not possible, partlytions of Al-Pd-Mn prepared bin situ cleavage revealed sig-
because of uncertainties in extracting concentrations fromificant atomic scale roughneSsin that study, the surface
the experimental data, and partly because of uncertaintiestructure was found to be determined by cluster aggregates
about the degree to which each of the top two planes woulfbrmed on the basis of an elementary cluster whose diameter
contribute to the LEIS signal. Broadly, however, the LEISof about 10 A points to the pseudo-Mackay icosahedron
results are consistent with the LEED structure analysis iPMI). Although the surface morphology is different, there is
that LEIS indicates an aluminum-rich composition. Also in evidence that many of the Mackay-type clusters are present
agreement with LEED, the LEIS results serve to excludealso in the structure we found by LEED; they are, however,
certain Pd-rich classes of terminations. embedded within an Al-rich surface layer. This can be seen
for example with the termination shown in Fig. 9. It is also
instructive to compare the positions of the topmost atomic
planes with the vertical positions of atoms in a PMI oriented
Some of the properties of the quasicrystalline surface gealong a fivefold axis. It turns out that each plane of the
ometry found in this analysis can be understood in terms ofMackay cluster has its counterpart in the AIPdMn surface
principles known to govern the structures of periodic crys-structure(see Fig. 11 This gives evidence for many intact
talline metals. In general, for example, close packed metgbseudo-Mackay clusters in the surface region, with some of
surfaces are most stable, and this appears to hold also for thige atoms in the surface layer being the topmost atom of a
icosahedral AIPdMn quasicrystal. STM and LEED measurePMI and the others filling in the spaces between the PMls to
ments of Schaulet al, who investigated the surface struc- yield a flat surface. These findings are in line with recent
ture of microfacets that formed on the twofold surface of thephotoelectron diffraction experiments that gave direct evi-
AIPdMn icosahedral alloy upon heating in vacufimre-  dence for the existence of pseudo-Mackay icosahedra in the
vealed that microfacets grown perpendicular to a fivefoldsurface regior?
axis prevail. As shown in our LEED analysis, the fivefold  The terminations found in this structure analysis compare
symmetrical surface consists of rather densely packed termivell with the step structure seen with STM. We found a mix
nations: the two-dimensional density of the topmost twoof very similar terminations, many of which are separated by
atomic planes combined together is about 0.136 atoms/A steps with heights of 4.08 A or 6.60 A, as observed also with
compared to the value of 0.141 atomé/for one plane of STM. Next, we try to correlate other surface features seen
the close packed AL11) surface. with STM to local structures in our model. In the STM
The Al-rich terminations found here also correlate with study?*® fivefold symmetric holes with quasiperiodic long-
factors known to govern surface compositions of crystallinerange order were found; they have the same orientation on

VI. DISCUSSION
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5-fold axis always the same. Another fivefold symmetric feature is the
048 A e M (+Mn) deeper and larger fivefold symmetric hole marked by the
1564 7 1NN m- - - - Pd oM arrow in Fig. 9c). These holes are also located on the nodes
048 A—y i v ALGMn) of a Fibonacci pentagrid and have the same orientation for
2048 4 ! N o Al (+Mn) all terminations(however, they have very low density for
\ : R ii :;CL; Mn some terminations One may speculate that one of those two
\ ' —e Al (+Mn) features gives rise to the appearance of the fivefold symmet-

> A ric holes in STM.
I

In summary, we have described a first attempt at solving
the surface structure of a radically new class of materials, by
adapting and utilizing techniques that are known to work for

FIG. 11. The geometry of a pseudo-Mackay icosahedRivil) more traditional materials. According to the traditional
oriented along a fivefold symmatric axis, compared with the layefP€Nchmark of such analyses, tRefactor, a successful result
sequence of the optimum terminations determined in the LEEDY@S been obtained. However, there is undoubtedly much
analysis. Grey: dodecahedron, black: icosidodecahedron of th&0re to be learned. In order to refine and test this approach,
Mackay clusterthe small dodecahedron, with atoms lying 2.52 A it will be necessary to apply it to other types of quasicrystal-
underneath the topmost atom, is not shiwBach plane of the line surfaces, and to always compare the results with data
Mackay cluster has its counterpart in the Al-Pd-Mn surface strucfrom complementary experimental techniques. We are now
ture. The topmost layer of the structure found by LEED coincidesbeginning such analyses for the twofold surface of icosahe-
with the topmost plane of many Mackay icosahedra. dral AIPdMn, and for the fivefold surface of icosahedral

AlCuFe.
all terraces. By connecting their edges with straight lines, a
Fibonacci pentagrid with line separations of 7.38 A and
11.94 A can be constructed. Fivefold symmetric clusters
with a similar quasiperiodic long-range order can be dis- We thank M. de Boissieu for supplying information about
cerned also in the surface terminations that we found byhe atomic planes in AIPdMn as well as the software used to
LEED. The Mackay-type clusters of Fig(e&, for example, generate the three-dimensional atomic bulk positions. This
lie on such a Fibonacci pentagrid. With the densely packedvork was supported in large part by the Director, Office of
surface of Fig. &), only their topmost two planes are ex- Energy Research, Office of Basic Energy Sciences, Materials
posed to the surface, showing up as pentagons with an Aciences Division, of the U.S. Department of Energy under
atom in the topmost plane, surrounded by five Al or Pd at-Contracts Nos. DE-AC03-76SF00098 and W-405-Eng-82.
oms about 0.4 A underneath. These Al/Pd pentagons can Bé¢.G. acknowledges financial support from the German
seen for all terminations we found, and their orientation isDFG.

Mackay cluster Optimum geometry
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